Rationale Exceedingly little experimental research exists on the popular recreational drug mephedrone (4-methylmethcathinone) despite clinical reports concerning its behavioral and cardiovascular toxicity. Objectives To characterize mephedrone preclinically by examining its capacity to (1) serve as a discriminative stimulus, (2) disrupt the acquisition of response sequences, and (3) disrupt mean arterial pressure (MAP) and heart rate (HR).
Introduction
A new group of drugs illicitly marketed as "bath salts" or "plant food" has reached the United States and is creating a public health crisis. Among these new drugs is mephedrone (1-(4-methylphenyl)-2-methylaminopropan-1-one), a semisynthetic beta-keto derivative of phenethylamine that is structurally related to cathinone, a naturally occurring psychomotor stimulant found in the khat plant in eastern Africa . Until recently when mephedrone was classified as a Schedule I drug by the United States Drug Enforcement Agency, it was commonly known as a "legal high." Legal highs refer to natural or synthetic products that have psychological and physiological effects similar to those of the already illicit hallucinogens, entactogens, and stimulants. Mephedrone is most often snorted, but can also be taken orally or injected (Motbey et al. 2012) . Users report that the subjective effects of mephedrone resemble a cross between 3,4-methylenedioxymethamphetamine (MDMA) and cocaine (cf. Hadlock et al. 2011) ; however, there are also reports that this drug can produce auditory and visual hallucinations similar to more traditional serotonergic hallucinogens (Winstock et al. 2011) . The implication by users that mephedrone may have unique subjective effects is also supported by the limited experimental data available. Based on its chemical structure alone, mephedrone should have effects similar to stimulants, yet repeated mephedrone administrations in rats produced persistent serotonergic deficits, not dopaminergic deficits (Hadlock et al. 2011; Angoa-Perez et al. 2012) . These deficits would seem to make mephedrone more like MDMA than the classical stimulants methamphetamine or methcathinone (Hadlock et al. 2011; Baumann et al. 2012) .
Coincident with the increase in the recreational use of mephedrone are increased reports of serious, sometimes fatal toxicity (Meng et al. 2012; Nicholson et al. 2010; Regan et al. 2011; Wood et al. 2010) . From September to December of 2010 alone, the Louisiana Poison Control Center received 165 calls (85 % from emergency rooms or physicians) regarding cases of extreme paranoia, hallucinations, delusions, agitation, suicidal ideation, suicide, hypertension, cardiac arrhythmia and chest pain attributed to this drug (Adkins 2011) . Whether these toxicities were produced by mephedrone, impurities or adulterants, or interactions with other illicit agents is impossible to determine given the paucity of experimental data. The scant information that is available has been gleaned from emergency room reports and the personal accounts of users posted on internet websites and blogs (Regan et al. 2011; Schmidt et al. 2011; Wood et al. 2010) .
Given the limited data available regarding mephedrone, the aims of this study were to characterize its behavioral and cardiovascular effects in rats by (1) establishing mephedrone as a discriminative stimulus to ascertain whether known stimulants and hallucinogens would substitute for mephedrone, (2) determining whether mephedrone is disruptive to the acquisition and performance of response sequences, and (3) investigating the cardiovascular responses elicited by mephedrone and comparing them to those of methamphetamine. The primary reason for establishing mephedrone as a discriminative stimulus was that this procedure provides the experimenter with a pharmacologically specific behavioral model for studying the components of a drug's actions and these actions generally reflect events at the neuronal level (Holtzman 1990; Balster and Prescott 1992) . In addition, substitution tests under this procedure provide a ready means of comparing the subjective effects of mephedrone to those of other drugs of abuse. For example, in the present study, the discriminative effects of mephedrone were compared to those of methamphetamine, MDMA, cocaine, morphine, and phencyclidine (PCP). Given the likely role of dopamine in the behavioral effects of mephedrone (Kehr et al. 2011; Baumann et al. 2012; Lisek et al. 2012) , the capacity of haloperidol to block the discriminative effects of mephedrone was also examined.
To assess the effects of mephedrone on complex behavioral processes such as learning, the effects of mephedrone in rats responding under a multiple schedule of repeated acquisition and performance behavior were determined. Repeated acquisition is a well-established technique for assessing the effects of drugs on learning, and when combined with a performance component under a multiple schedule, can determine the capacity of a drug to disrupt learning apart from it capacity to produce more general psychomotor effects (Moerschbaecher et al. 1979; Winsauer et al. 2002 Winsauer et al. , 2003 Quinton et al. 2005) . Finally, assessing the cardiovascular effects of mephedrone seemed essential given the reports of mephedrone-related cardiovascular events (Nicholson et al. 2010; Regan et al. 2011; Wood et al. 2010) , and the well known association between stimulant use and cardiovascular and cardiac toxicity (Badon et al. 2002; Shenouda et al. 2010; Lord et al. 2010 ). An important aspect of the cardiovascular experiments was also determining the extent to which alpha (α) and beta (β) adrenergic receptors mediated the cardiovascular responses of mephedrone.
Methods

Animals
The behavioral studies were conducted using male LongEvans hooded rats (245-265 g), whereas the cardiovascular studies were conducted using male Sprague-Dawley rats (289-353 g); all rats were obtained from the same vendor (Harlan Sprague Dawley, Indianapolis, IN). During these experiments, all rats were housed individually in temperatureand humidity-controlled rooms with a 12-h light/dark cycle. Subjects in the behavioral studies were maintained at approximately 90 % of their free-feeding weight, while subjects in the cardiovascular studies had unlimited access to food and water. All procedures were conducted during the light cycle and were in accordance with National Institutes of Health guidelines for the care and use of experimental animals. The procedures were also approved by the Institutional Animal Care and Use Committee at Louisiana State University Health Sciences Center.
Mephedrone
Mephedrone was synthesized from 4-methylpropiophenone, prior to mephedrone being designated as a Schedule 1 drug. The purity and identity of the product was verified by mass spectrometry.
Apparatus
Nine (six from MED Associates Inc. [St. Albans, VT] and three BRS/Foringer [Beltsville, MD]) operant-conditioning chambers enclosed within sound-attenuating cubicles were used to conduct the discrimination experiments. These chambers all had two response levers with stimulus lights located above each lever. Six operant conditioning chambers (Coulbourn Instruments, Whitehall, PA) were used for repeated-acquisition experiments, and these chambers had three horizontally-aligned response keys that could be transilluminated with one of three colored stimuli. Both sets of chambers also had a houselight, pellet trough, and pellet dispenser; white noise was present to mask extraneous noise and a fan provided ventilation. Data were collected using MED-PC for Windows, Version IV (MED Associates, Inc.).
Mephedrone discrimination procedure
The initial training sessions, which began shortly after postnatal day 75 for the nine rats serving as subjects, was similar to that described previously (Winsauer et al. 2012) . When responding on both levers stabilized under a FR-20 schedule, the stimuli over the levers were eliminated and injections of either saline or mephedrone were initiated. Saline or mephedrone was administered intraperitoneally (i.p.) before the start of the session, which began with a 15-min timeout. The 15-min timeout period was followed by 30-min period during which the houselight was illuminated and responding under the FR-20 schedule resulted in food presentation. Injections occurred in a fixed sequence that was repeated throughout the experiment (mephedrone [M] , saline [S], S, M, S, M, M, S, M, S) and each injection served as the discriminative stimulus for the appropriate lever (i.e., saline served as the discriminative stimulus for responding on one lever, whereas mephedrone served as the discriminative stimulus for responding on the other lever). Lever designations were also counterbalanced across subjects. Responding on the incorrect lever had only one programmed consequence, which was resetting the ratio requirement on the correct lever.
In all subjects, the final training dose of mephedrone was 3.2 mg/kg; however, this dose was determined after initially starting with a mephedrone dose of 0.56 mg/kg and gradually incrementing this dose until all of the subjects met two training criteria on 9 of 10 consecutive days: (1) greater than 90 % responding on the appropriate lever and (2) less than 20 responses on the incorrect lever prior to the first reinforcement. Initially, four rats met the training criteria while discriminating 1.8 mg/kg of mephedrone. The average number of training sessions for these subjects was 48 (range: 41-53). However, the training dose for these subjects was eventually increased to 3.2 mg/kg, because either the training dose was not accurately discriminated under test conditions, or simply to ensure comparability in training dose among the entire group. For the subjects that did not meet the training criteria until 3.2 mg/kg of mephedrone was administered as the training dose (n05), the average number of training sessions was 74 (range: 62-90).
After meeting these training criteria, test sessions with other doses of mephedrone or other drugs commenced. Test sessions differed from training sessions in that 20 responses on either lever resulted in presentation of a food pellet, and a cumulative-dosing procedure was utilized. The advantage of a cumulative-dosing procedure is that a complete doseeffect curve can be determined during a single session. In this study, the procedure was used during test sessions to (1) establish a dose-effect curve for mephedrone, (2) assess the capacity of other drugs to substitute for mephedrone, and (3) determine the effects of various pretreatments on the doseeffect curve for mephedrone. To accommodate the cumulative-dosing procedure, test sessions were comprised of four 10-min components, each separated by a 15-min timeout period during which successive injections increased the cumulative dose by [1/4 or 1/2] log-unit. For example, 0.32 mg/kg of mephedrone was injected 15 min before the first test component, 0.68 mg/kg before the second component, 2.2 mg/kg before the third component, and 6.8 mg/kg before the fourth component, thereby producing a cumulative dose-effect curve of 0.32, 1, 3.2, and 10 mg/kg for mephedrone. The discriminative stimulus effects of the vehicles for mephedrone and the other drugs were also assessed routinely under test conditions. After test sessions with doses other than the training dose or other drugs, subjects were always required to meet the training criteria for 3 consecutive days.
Repeated-acquisition procedure
Six rats were also trained to respond under a multiple schedule of repeated acquisition and performance of response sequences as described previously (Gerak et al. 2004; Winsauer et al. 2011) . Under terminal baseline conditions, sessions began with an acquisition component and alternated with a performance component after 40 reinforcers or 20 min, whichever occurred first. Sessions ended after 200 reinforcers or 80 min, whichever occurred first. Intraperitoneal mephedrone administration began after the following criteria were satisfied for ten consecutive baseline sessions: response rates were within 20 responses/min of the mean and the percentage of errors was within 10 % of the mean. In general, baseline sessions (no injections) occurred on Mondays and Wednesdays, drug sessions on Tuesdays and Fridays, and vehicle sessions on Thursdays.
Cardiovascular procedure
Mean arterial pressure (MAP) and heart rate (HR) were recorded in 12 conscious, unrestrained rats using a radio telemetry system (Dataquest A.R.T. 2.3; Data Sciences International, St. Paul, MN). Under ketamine and xylazine (90/10 mg/kg) anesthesia, the pressure cannula of a radio telemetry probe was inserted into the left femoral artery. The body of the probe was placed in the lower abdominal cavity and secured to the abdominal musculature. A polyethylene cannula fused to a silastic catheter was inserted into the right jugular vein, and the free end tunneled subcutaneously to the nape of the neck and exteriorized. Catheters were filled with heparinized saline (250 U/ml).
Approximately 1 week after surgery, the home cage of each rat was placed over a telemetry receiver (250 Hz) that was connected to a personal computer for the recording of MAP and HR signals. For drug administration, the subjects were divided into two groups: one that received mephedrone (n05 for 0.01-0.1 mg/kg and n07 for 1-9 mg/kg), and one that received methamphetamine (n07 for 0.01-9 mg/kg). Intravenous doses of drug or saline (0.9 %) were then administered in a mixed order within each group, except for the 9-mg/kg dose, which was administered last. Each dose was determined once and a minimum of 24 h separated each drug administration. Subjects were weighed daily and baseline MAP and HR were recorded for a minimum of 30 min prior to the administration of each dose, and then for 3 h following injection. Mephedrone was administered i.v. to mimic nasal insufflations and i.v. drug use by humans. For studies using adrenergic receptor antagonists, baseline MAP and HR were recorded from the same two groups of rats for a minimum of 20 min prior and then one group received atenolol (1 mg/kg, i.v.) and the other received phentolamine (3 mg/kg, i.v.). Mephedrone (3 mg/kg) was then administered to both groups 10 min after each antagonist.
Data analyses
The dependent measures for the discrimination procedure were the percentage of responses on the lever for which mephedrone was serving as a discriminative stimulus (i.e., "mephedrone-lever" responding) and the overall response rate in responses per second. Group data for each variable were expressed as a grand mean and standard error of the mean (SEM), which was tabulated by averaging the mean data for each subject. Typically, full substitution in drug discrimination studies is considered to be 80 % drug-lever responding or more, whereas a 20 % increase or decrease from control is considered to be an effect on response rate. The percentage of mephedrone-lever responses was not included in the analyses when the response rate was less than 0.08 responses/s. Individual differences in potency for mephedrone and the comparison drugs also led to differences in the number of subjects represented by each data point, and this prevented a repeated-measures analysis of these data. A repeated-measures analysis was conducted on the antagonism data with haloperidol using a General Linear Model of analysis whereby the sum of squares is estimated to produce a marginal sum of squares (SigmaPlot Software, SYSTAT Software, Inc. Point Richmond, CA). One advantage of this model is that it does not eliminate the assumption of a possible interaction between factors. As an additional means of comparing the dose-effect curves for mephedrone-lever responding after haloperidol administration, the doses that generated a 50 % increase in mephedrone-lever responding (ED 50 s) were determined by linear regression using two or more data points that reflected the ascending portion of each dose-effect curve (SigmaPlot Software, SYSTAT Software, Inc., Point Richmond, CA).
The dependent measures for the repeated-acquisition data were the overall response rate (response/min, excluding timeouts), percentage of errors [(errors/total responses) × 100], and number of errors per bin of 60 responses. When rates of responding fell below 5 responses/min, the percentage of errors was not analyzed because of the small number of responses involved. The data for each dependent measure were also analyzed using a two-way repeated-measures ANOVA with the component and dose serving as factors.
Cardiovascular data were obtained using Data Sciences Dataquest acquisition software. This software produced a data stream that was averaged every 2 s and displayed as a continuous histogram of BP or HR versus time. Averaging the data every 2 s (about 12 heartbeats) reduced movement artifacts. The magnitude of the peak changes in MAP and HR elicited by the drugs were calculated off-line as the difference between baseline and peak drug responses using the Dataquest analysis program. Response durations (the onset of the response until its return to baseline) were calculated from the experimental traces. The MAP and HR responses elicited by mephedrone and methamphetamine were compared to baseline (saline) using a one-way ANOVA because of the different subject numbers used for mephedrone. MAP and HR responses elicited by mephedrone with or without phentolamine and atenolol were also analyzed using a one-way ANOVA. Significance was accepted at an α level of p<0.05 for all statistical tests.
Results
Discriminative stimulus effects
When saline (the vehicle for mephedrone) was administered during test sessions, subjects responded on the salineappropriate lever during each of the four FR components and response rate during each component was similar to rates obtained when saline was administered under training sessions. For these reasons, the data from all four components of the test session were averaged and shown as a single data point (solid circles above C in Fig. 1 ). With respect to response rate, the mean and SEM for all nine rats after saline administration was 1.65±0.28 responses/s.
In contrast to the administration of saline during test sessions, increasing cumulative doses of mephedrone prior to each of the four FR components dose-dependently increased mephedrone-lever responding in all subjects. As shown in Fig. 1 (solid circles), doses larger than 1 mg/kg resulted in rats responding predominately on the mephedrone lever, with full substitution occurring at 3.2 mg/kg (i.e., the training dose). When rats received 3.2 mg/kg of mephedrone during test sessions, the mean response rate was 1.35±0.28 responses/s, with 10 mg/kg decreasing response rate to 61.5 % of control.
The effects of substituting cocaine, MDMA, and methamphetamine are shown in Fig. 1 , whereas the effects of fenfluramine, morphine, and PCP are shown in Fig. 2 . Among cocaine, MDMA, and methamphetamine, only 3.2 mg/kg of MDMA produced greater than 80 % mephedrone-lever responding; however, this dose also decreased responding to 26.7 % of control. Cocaine and methamphetamine produced 75.86 % and 72.86 % mephedronelever responding, respectively, but this did not constitute full substitution for mephedrone. Moreover, only five of seven subjects that received cocaine, and five of eight subjects that Fig. 1 Effects of cumulative doses of mephedrone, cocaine, MDMA, and methamphetamine on the percentage of mephedrone-lever responding (upper panels) and overall response rate (lower panels) in 6-9 male rats. Doses of each drug were administered i.p. 15 min prior to the start of each 10-min FR component. Data points and vertical lines above "C" in the top and bottom panel represent the grand mean and SEM for 1-6 saline or vehicle determinations in each of the nine rats. The data points and vertical lines in the dose-effect curves for each drug represent a grand mean and SEM, which was obtained from the means of 2-5 determinations of mephedrone, 2-3 determinations of cocaine or MDMA, and 1-5 determinations of methamphetamine. Numerical values in parentheses and adjacent to a data point indicate the number of subjects represented by that point when it differed from the total number of subjects for that drug group due to individual differences in the potency of that drug's rate-decreasing effects. For example, 3.2 mg/kg of mephedrone (filled circles) eliminated responding in one rat, so only eight of nine rats received 10 mg/kg and the percentage of mephedrone-lever responding could only be calculated for five of the rats that received this dose 
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Morphine (n=7) Mephedrone (n=9) Fenfluramine (n=7) Phencyclidine (n=5) Fig. 2 Effects of cumulative doses of mephedrone, fenfluramine, morphine, and phencyclidine on the percentage of mephedrone-lever responding (upper panels) and overall response rate (lower panels) in 5-9 male rats. Data points and vertical lines above "C" in the top and bottom panel represent the grand mean and SEM for 1-6 saline or vehicle determinations in each of the nine rats. The data points and vertical lines in the dose-effect curves for each drug also represent a grand mean and SEM, which was obtained from the means of 2-5 determinations of mephedrone, 1-3 determinations of fenfluramine, 2-4 determinations of morphine, and 1-3 determinations of phencyclidine. Numerical values in parentheses and adjacent to a data point indicate the number of subjects represented by that point when it differed from the total number of subjects for that group due to individual differences in the potency of that drug's rate-decreasing effects received methamphetamine, occasioned greater than 80 % mephedrone-lever responding at doses that did not decrease the overall rate of responding. The decrease in response rate that occurred after 1.8 mg/kg of methamphetamine is not evident from the graph because four of the rats with the highest response rates responded at, or near, control levels, while the other half had response rates near zero. Therefore, the mean rate for the group was near control levels. Of the drugs shown in Fig. 2 , only fenfluramine produced greater than 50 % mephedrone-lever responding at a dose that did not markedly decrease response rate (e.g., 1 mg/kg). Unlike fenfluramine, both morphine and PCP did not produce greater than 50 % mephedrone-lever responding at any dose tested, including those that decreased response rate. For example, 5.6 mg/kg of PCP decreased response rate to 23.6 % of control, whereas the highest dose of morphine decreased response rate to 57.6 % of control.
The dose-effect curves in Fig. 3 show mephedrone-lever responding when cumulative doses of mephedrone followed an acute pretreatment with either 0.032 or 0.1 mg/kg of haloperidol. As shown, neither dose of haloperidol in combination with saline substituted for mephedrone (data above "H") and neither dose of haloperidol in combination with mephedrone produced more than a two-fold shift in the mephedrone dose-effect curve (see ED 50 values in Fig. 3 ). These data were verified statistically in that a two-way ANOVA of the dose-effect curves indicated that there was only a main effect of dose (F(3,21) 056.95, p < 0.001), whereas there was no main effect of haloperidol treatment (F(2,21)01.43, p00.27) and no interaction between treatment and dose (F(6,21)00.86, p00.54).
Unlike the administration of 0.032 mg/kg of haloperidol alone, which did not decrease response rates significantly compared to control rates (Fig. 3, bottom panel) , the 0.1-mg/ kg dose markedly decreased response rates for the group when administered with saline (F(2,9) 06.96, p 00.02). Furthermore, the 0.1-mg/kg dose of haloperidol produced a significant effect of treatment when combined with mephedrone (F(2,30)05.38, p00.03) and shifted the response rate dose-effect curve for this combination downward significantly compared to that for mephedrone alone. A twoway ANOVA also indicated that there was a significant effect of mephedrone dose with and without haloperidol (F (3,30)010.19, p<0.001), but no significant interaction between mephedrone dose and haloperidol pretreatment (F (6,30)01.37, p>0.05). As shown, 10 mg/kg of mephedrone significantly decreased responding compared with the lowest dose of mephedrone (i.e., 0.32 mg/kg).
Effects on acquisition and performance
When the effects of mephedrone were determined in rats responding under the multiple schedule (Fig. 4) , rates of responding were comparable in the acquisition and performance components following saline administration (points above C, upper panels, Fig. 4) , whereas the percentage of errors was higher in the acquisition component than in the performance component (12.75±1.88 % in acquisition versus 6.58±0.84 % in performance; points above C, lower panels, Fig. 4) . When compared to saline administration, Fig. 3 Effects of haloperidol alone and in combination with cumulative doses of mephedrone on the percentage of mephedrone-lever responding (upper panels) and overall response rate (lower panels) in seven male rats. A single dose of haloperidol was administered 20 min prior to the first component, whereas cumulative doses of mephedrone were administered i.p. 15 min prior to the start of each 10-min FR component. Data points and vertical lines above "C" in each panel represent the grand mean and SEM for 1-2 saline or vehicle determinations in six of the seven rats, as one rat did not receive vehicle and saline under test conditions. Data points and vertical lines above "H" in each panel represent the grand mean and SEM for 1-3 determinations of haloperidol alone in each of the seven rats, whereas the data points and vertical lines in the dose-effect curves for each drug also represent a grand mean and SEM that was calculated from one to four determinations of mephedrone with each dose of haloperidol. Asterisks along with a bracket indicate doses of mephedrone that were significantly different from saline and vehicle administration (control). Asterisks without a bracket indicate doses of haloperidol that were significantly different from saline administration (p<0.05) as determined by a oneway ANOVA. A cross with a bracket indicates the only dependent measure for which there was a significant main effect of haloperidol pretreatment as determined by two-way ANOVA mephedrone dose-dependently decreased overall rates of responding in the acquisition component (F(6,30)044.99, p<0.001), and the performance component (F(6,30)019.25, p<0.001). However, the response rate in acquisition was affected more potently than the response rate in performance, as indicated by the significant interaction (F (6,30) 07.27, p < 0.001) and the subsequent one-way ANOVA tests. A similar component by dose interaction was also obtained after a two-way analysis of the data for percent errors (F(5,24)011.69, p<0.001). More specifically, mephedrone significantly increased the percentage of errors in the acquisition component (F(5,24)040.55, p<0.001) and in the performance component (F(5,24)014.22, p<0.001). Thus, mephedrone produced dose-dependent ratedecreasing and error-increasing effects, with 3.2 mg/kg producing an equipotent disruption of errors in both the acquisition and performance components. The error-increasing effects of mephedrone were also apparent in the within-session pattern of errors in acquisition (Fig. 5) . When vehicle was administered, the cumulative number of errors increased at the very beginning of the session and then gradually leveled off, indicating that acquisition had occurred. For example, an average of 50±8.05 errors were emitted during the first four bins (i.e., 240 responses) following saline administration, whereas after the 18th bin (i.e., 1080 responses) the total number of errors was only 146±23.80. Thus, over 34 % of the total number of errors was emitted (committed) during the first 240 responses under control conditions. In contrast to control conditions, mephedrone dose-dependently disrupted acquisition, as illustrated by the linear increases in the number of errors throughout the session. For example, when 3.2 mg/kg was administered, rates of responding were decreased by more than 50 % and this resulted in a decrease in the total number of responses emitted and a smaller number of response bins. Also of interest were the within-session data for 1.8 mg/kg, because this dose clearly increased errors during the early portions of the session, but did not significantly increase the overall percentage of errors for the group (Fig. 4) . This was likely due to the fact that the responding of all of the subjects generally recovered during the session after 3.2 mg/kg, and therefore, acquisition of the response sequence occurred by the end of the session. The data points and vertical lines above "C" (i.e., control) and in the dose-effect curves represent a grand mean and standard error of the mean (SEM), as all of the individual subjects received multiple determinations of both saline and each dose of mephedrone. Any points without vertical lines indicate instances in which the SEM is encompassed by the data point. Asterisks indicate effects of mephedrone that differed significantly from control injections. Pound symbols indicate significant differences between the acquisition and performance data. Numerical values in parentheses and adjacent to a data point indicate the number of subjects represented by that point when it differed from the total number of subjects in the group. The percentage of errors was not analyzed or plotted when response rate fell below 5 responses/min in either component due to the small number of responses emitted As shown in Fig. 6 , baseline values for MAP and HR in the mephedrone (118±4 mmHg, 379±10 bpm) and methamphetamine (116±3 mmHg, 381±12 bpm) groups were similar prior to drug administration. Following i.v. administration, MAP values were significantly increased by both mephedrone (F(2,8) 09.32, p00.008; F(3,16)08.33, p00.001) and methamphetamine (F(5,24)016.48, p<0.001) compared to control. For mephedrone, the increases in MAP peaked within 2-3 min and lasted from 0.09±0.02 h (0.1 mg/kg, n05) to 1.53±0.26 h (9 mg/kg, n06). HR was also increased significantly by mephedrone (F (2,8)033.01, p<0.001; F(3,16)010.58, p<0.001) and methamphetamine (F(5,24) 024.83, p < 0.001) after doses of 0.1 mg/kg or higher (lower panel, Fig. 6 ). Peak levels occurred between 1 and 9 mg/kg for mephedrone, and 0.1 and 9 mg/kg for methamphetamine, although the magnitude of the increase was more variable for methamphetamine. For mephedrone, the tachycardic responses peaked within 2-5 min and lasted 0.3±0.23 h (0.1 mg/kg, n05) to 1.27± 0.57 h (9 mg/kg, n06). Figure 7 shows that pretreatment with the β1-adrenergic inhibitor atenolol (1 mg/kg) did not significantly alter the magnitude of the pressor response elicited by 3 mg/kg of mephedrone (p>0.05), but it did significantly attenuate the tachycardia produced by this dose (F(2,15) 013.72, p < 0.001). Baseline MAP in the rats was largely unchanged as it was 124±4 mmHg before atenolol and 123±4 mmHg after atenolol; however, baseline HR changed from 384±10 to 352±8 bpm.
ED50 -mg/kg
In contrast to atenolol, pretreatment with phentolamine (3 mg/kg) significantly attenuated the pressor (F(2,15)0 5.64, p 00.015) and tachycardic (p < 0.05) responses to 3 mg/kg of mephedrone. Phentolamine decreased baseline MAP in the rats from 114±10 to 70±5 mmHg, and increased baseline HR from 363±3 to 435±24 bpm. Fig. 7 Comparison of the peak changes in MAP and HR elicited in conscious rats by mephedrone (3 mg/kg, i.v) alone and after blockade of β-adrenergic receptors with atenolol (1 mg/kg, i.v.) or α-adrenergic receptors with phentolamine (3 mg/kg, i.v.). Data for mephedrone alone are the same as in Fig. 6 . Separate groups of rats received atenolol and mephedrone (n06), or phentolamine and mephedrone (n05). Asterisks indicate a significant difference from the peak response elicited by mephedrone alone (p<0.05) as determined by a one-way ANOVA
Discussion
In the present study, rats were successfully trained to discriminate mephedrone from saline, indicating that mephedrone produces discriminable subjective effects at doses that do not decrease response rate. In addition, these effects were very similar, but not identical, to the effects of MDMA, cocaine and methamphetamine; MDMA produced greater than 80 % mephedrone-lever responding at a dose that substantially decreased response rate, whereas mephedrone-lever responding was increased to 75.86 % and 72.86 % after cocaine and methamphetamine administration, respectively. The fact that haloperidol was unable to antagonize the effects of mephedrone also indicated that the discriminative stimulus effects of mephedrone were not mediated predominately by dopamine type-2 (D2) receptors in rats. Across a similar range of doses (i.e., 0.32-10 mg/kg, i.p.), mephedrone also disrupted the acquisition and performance of response sequences by decreasing response rate and increasing errors. Although mephedrone was equally potent in disrupting percent errors, response rate was disrupted more potently in the acquisition component than in the performance component. Interestingly, the dose of mephedrone that significantly increased errors in both the acquisition and performance components was also the dose that served as the training dose in the drug discrimination procedure (i.e., 3.2 mg/kg). The lack of full substitution by methamphetamine and cocaine was intriguing given that mephedrone is a cathinone derivative and both amphetamine and cocaine substitute in rats discriminating cathinone from saline (Goudie et al. 1986; Schechter et al. 1984) . The relationship between the discriminative stimulus effects of amphetamine and cathinone is also symmetrical , and S(+)-methamphetamine fully substituted in rats trained to discriminate S(−)-methcathinone, a derivative very similar in structure to mephedrone (Young and Glennon 1998) . Nevertheless, both cocaine and methamphetamine produced greater than 70 % mephedrone-lever responding, which would indicate that these drugs have substantially overlapping, but not identical, discriminative stimulus effects. This conclusion is also supported by the fact that drugs such as morphine and PCP did not substitute for mephedrone, and that some pharmacological specificity was established with the mephedrone stimulus. Our results also recapitulated findings from earlier studies indicating that fenfluramine does not substitute for drugs with CNS stimulant effects despite its structural similarity (Goudie et al. 1986; Young and Glennon 1998) .
Another similarity between the discriminative stimulus effects of mephedrone and other CNS stimulants is the fact that they are not effectively antagonized by D2 receptor antagonists such as haloperidol. Though there is likely an important dopaminergic component of the discriminative stimulus effects of classical CNS stimulants (Murnane et al. 2009 ), blocking D2 receptors has rarely been shown to produce marked rightward shifts in the dose-effect curves for drug-lever responding (Goudie et al. 1986; Quinton et al. 2006) . Moreover, in some of the studies in which haloperidol antagonized the discriminative stimulus effects of the CNS stimulants, the doses of haloperidol used were larger than those that produce rate-decreasing effects (e.g., Young and Glennon 1998) . This may be important clinically, as the neuroleptic effects produced by many dopamine receptor antagonists (i.e., first generation antipsychotics) are often assumed to attenuate all of the effects that comprise druginduced psychoses; however, data from a variety of studies suggests that they are often ineffective at attenuating the subjective effects. Likewise, haloperidol was ineffective at antagonizing the subjective effects produced by mephedrone.
Similar to many drugs of abuse administered to rats responding under non-spatial (Delatte et al. 2002; Leonard et al. 2009; Quinton et al. 2005 ) and spatial (Galizio et al. 2009 ) repeated-acquisition procedures, mephedrone produced both dose-dependent rate-decreasing and errorincreasing effects. In the acquisition component, significant decreases in response rate occurred at doses that significantly increased percent errors (i.e., 3.2 mg/kg); however, within-session data clearly indicated that 1.8 mg/kg of mephedrone increased errors early in the session and thereby altered the "learning curve" compared to baseline or control sessions. In the performance component, significant decreases in response rate occurred less potently than significant increases in percent errors. Together, these data indicate that mephedrone does not selectively disrupt acquisition compared with performance, and that it disrupts behavior under both weak (acquisition) and strong (performance) stimulus control comparably. Similar effects have been reported for methylphenidate and methamphetamine in rats responding under a variation of the multiple schedule of repeated acquisition and performance used in this study. For example, in a procedure where rats nosepoked an array of stimuli on a touch-screen apparatus to receive reinforcement, Galizio et al. (2009) found that methylphenidate and methamphetamine significantly disrupted acquisition accuracy at doses that also disrupted performance. MDMA was also administered in that study, but it more potently disrupted both the percent correct (accuracy) and mean speed (rate) in the acquisition component than in the performance component. In contrast, using an almost identical procedure to that used in this study, Quinton et al. (2005) found that cocaine more potently increased percent errors in the acquisition component than in the performance component, but the increase in percent errors occurred at doses ½ to ¾ of a log unit lower than a dose that decreased response rate significantly. Thus, the effects of mephedrone on the two dependent measures were quite different from those of cocaine and more like methamphetamine and methylphenidate in rats despite the variation of the repeated acquisition procedure. These data, therefore, are also similar to the discrimination data in that mephedrone appears to have similar, but not identical, effects with several CNS stimulants that are abused.
In addition to mephedrone's behavioral effects, i.v. administration of mephedrone also elicited dose-related increases in arterial pressure lasting upwards of 1.5 h. The pressor responses were accompanied by tachycardia that plateaued at a dose of 1 mg/kg, presumably due to pressor-mediated increases in baroreceptor reflex activity. The increases in MAP and HR observed after the injection of mephedrone are consistent with emergency room and internet reports that mephedrone can produce hypertension and tachycardia in humans (Regan et al. 2011; Wood et al. 2010) . The effects of mephedrone on MAP and HR were remarkably similar to those elicited by i.v. administration of methamphetamine. Meng et al. (2012) recently reported that subcutaneous injection of mephedrone (3 or 15 mg/kg) significantly increases arterial pressure and HR in conscious rats. The responses elicited by subcutaneous injection had a much slower onset (peaking within 1-2 h) and had a much longer duration (up to 5 h) than the responses elicited by i.v. injection. The shorter response duration after i.v. administration may reflect rapid metabolism by the liver (Maurer 2012) .
The pressor responses elicited by mephedrone were significantly attenuated by phentolamine, indicating that activation of peripheral α-adrenergic receptors plays an important role in mediating the MAP responses. Alphareceptor blockade also blocks the increases in arterial pressure elicited by methamphetamine (Schindler et al. 1992 ). The tachycardic response to mephedrone was completely blocked by atenolol indicating that it was elicited by β-adrenergic receptor activation. The mechanism by which mephedrone produces its symapthomimetic cardiovascular responses is unknown. Given the structural similarities and the similar MAP and HR responses elicited by mephedrone and methamphetamine, it would be reasonable to suggest mephedrone causes the release of noreprinephrine from peripheral sympathetic nerves. In fact, mephedrone stimulates dopamine release from central synapses and blocks dopamine uptake into brain synaptasomes (Hadlock et al. 2011; Kehr et al. 2011 ). However, Meng et al. (2012) showed that mephedrone elicits pressor responses and tachycardia in reserpinized rats, indicating that the cardiovascular responses do not result from the release of norepinephrine from vesicular stores in peripheral sympathetic synapses. This is consistent with data from Baumann et al. (2012) indicating that mephedrone has substrate activity at norepinephrine transporters that could result in the release of cytoplasmic stores of norepinephrine.
In summary, the present study on the behavioral and cardiovascular effects of mephedrone replicates the small amount of data from controlled studies indicating that it has effects similar to other known stimulants with prominent abuse liabilities such as methamphetamine, MDMA, and to some extent cocaine. However, mephedrone also appears to have unique effects that distinguish it from each of these drugs (Hadlock et al. 2011; Motbey et al. 2012) . For example, the discriminative stimulus effects of mephedrone were more similar to those of MDMA than cocaine or methamphetamine, whereas its effects on acquisition behavior and cardiovascular function were more similar to those of methamphetamine. Though more mechanistic studies will be required, these differences may relate to the capacity of each of these drugs (or their isomers) to differentially affect the serotonergic and dopaminergic systems (Murnane et al. 2009 ).
